A method for the analysis of glufosinate ammonium (GLUF) and its metabolite 3-methylphosphinicopropionic acid (MPPA) in human serum by gas chromatography-mass spectrometry (GC-MS) was developed. Employing a mixed-mode cartridge with both anion exchange action and weak nonpolar interaction, we extracted GLUF and MPPA from the serum and carried out GC-MS analysis of their tert-butyldimethylsilyl derivatives. The detection limits of GLUF and MPPA were 10 pg and 1 pg, respectively. Full mass spectra of 100 pg GLUF and of 10 pg MPPA were easily obtainable. The recovery rate of 90.0 _+ 11.9% (or better) when the serum concentrations of GLUF and MPPA were 10-0.1 I~g/mL. Results of 23 serum samples, from patients with GLUF poisoning, measured by this method correlate well with those derived from the conventional high-performance liquid chromatography method (r = 0.996). The developed GC-MS method is likely to become a useful analytical technique in clinical settings.
Introduction
Olufosinate ammonium (GLUF), the active ingredient of the non-selective herbicide BASTA | is a phosphinic acid analogue of glutarnic acid, and registration has been granted in many countries since 1984 (1) . The chemical structure and proposed metabolic pathway are shown in Figure 1 . In Japan, poisoning of humans through the ingestion of BASTA increased in the 1990s, and has become a common form of herbicide poisoning, like that by paraquat or glyphosate (GLYP) (2) (3) (4) . Acute GLUF poisoning is characterized by various severe neurological symptoms such as coma, apnea, and generalized convulsions, which appear after a latent period of 4-60 h. In order to save the patient's life, it is important to counter these symptoms by maintaining the airway and administering artificial respiration (2-6).
Koyama et al. (7) reported that it is possible to predict the severity of delayed central nervous system symptoms in advance from the time that has elapsed after ingestion of GLUF and the current blood concentration. However, in a large number of cases, the patients ingested GLUF with the intention of committing suicide and often kept what was taken secret. Because there are no characteristic clinical symptoms during the latent period, it is necessary to carry out both qualitative and quantitative determinations of GLUF in blood. In the past, the level of GLUF in the blood was determined by gas chromatography-nitrogen-phosphorus detection (GC-NPD) or fluorescence high-performance liquid chromatography (HPLC) (4, 7, 8) . However, the availability of mass spectrometric method of analysis will provide more definite results. From GLUF and its metabolite 3-methylphosphinicopropionic acid (MPPA)in soil, Smith (9) obtained its N-acetyl, O-methyl metabolite by two-stage derivatization and carried out GC-NPD analysis using a capillary column, and mass spectra of the derivatives by gas chromatography-mass spectrometry (GC-MS) were also obtained. Moye et al. (10) used N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) and 4-(4-methyl-l-piperidinyl) pyridine to convert GLYP, which has a similar structure to GLUE to the tert-butyldimethylsilyl (t-BDMS) derivatives in a one-stage reaction, and analyzed the mass spectra. Based on this approach, Kageura et al. (11) extracted GLYP from human serum with anion exchange resin and then analyzed it by GC-MS as the t-BDMS derivative using MTBSTFA as the regent. Next, Tsunoda (12) , using the same method, reported t-BDMS derivatization of GLUF and MPPA. Recently, Royer et al. (13) reported a clean-up of GLUF and its derivatives in water using ion-exchange column chromatography and performed derivatization using glacial acetic acid and trimethylarthoacetate mixture, followed by GC-MS-MS.
To the authors best knowledge, no application of GC-MS analysis of GLUF and MPPA in human tissue samples using a rapid pretreatment technique has been reported. The aim of this work was to develop an analytical method for the selection and quantification of GLUF and MPPA in human serum by gas chromatography with electron-impact mass spectrometry after single-step solid-phase extraction and t-BDMS derivatization.
Materials and Methods

Chemicals and solutions
GLUF, MPPA, and GLYP (as the internal standard) were purchased from Wako (Osaka, Japan). MTBSTFA was purchased from Aldrich Chemical Co. (Milwaukee, WI). All other compounds were of analytical reagent grade and obtained from Wako.
Serum specimen collection
For recovery studies, reference serum (lot no. 49H8929 from Sigma Chemical Co., St. Louis, MO) containing no GLUF, MPPA, or GLYP was used. Test specimens included 23 samples of serum taken from 15 actual GLUF poisoning patients who had ingested 10-100 mL of BASTA 2-6 h previously.
Extraction of GLUF and MPPA from serum
A ]00-mg Isolute | HAX cartridge (International Solvent Technology Ltd., Mid Glamor@n, U.K.) was conditioned by washing with 1 mL of methanol followed by 1 mL washing with 0.1 mol/L NaOH at a flow rate of 1 mL/min. A 100-pL portion of acetone was added to a 100-]JL serum sample, supplemented with 10 lJL of the internal standard solution containing i ~g of GLYP. After mixing for 2 min, the mixture was centrifuged at 3000 rpm for 3 min. The aqueous phase was dissolved in i mL of distilled water (final pH: 6.4 to 8.0), and applied to the cartridge. After washing with I mL of water, GLUE MPPA and GLYP were eluted with 200 IJL of I mol/L hydrochloric acid/methanol (4:1) at a flow rate of 200 I~L/min. The solvent was evaporated to dryness under reduced pressure at 50~
Recovery of GLUF and MPPA in serum
A 10-~L solution containing 1, 0.], or 0.01 ]Jg of GLUF and the same amount of MPPA was added to 100 IJL standard serum (not containing GLUF MPPA). Extraction was performed as described, and the recovery was calculated by the internal standard method. The procedure was repeated five times for each sample.
Derivatization t-BDMS derivatives of GLUE MPPA, and GLYP were prepared as described by Kageura (11) and Tsunoda (12) . To the dry residue were added 50 IAL of MTBSTFA and 50 tJL of dimethylformamide. The mixture was sonicated for 2 rain at room temperature, then heated at 80~ for 30 rain. The time courses for the derivatization of GLUF and MPPA at 80~ are shown in 
GC-MS
A Shimadzu (Kyoto, Japan) GC17A GC and QP5050A MS were employed with a Shimadzu Class5000 computer system. Chromatographic conditions for these analyses were a DB-5 fused-silica capillary column (15 m • 0.25-ram i.d., 0.25-pro film thickness; J&W Scientific, Folsom, CA); helium carrier gas at 1 mL/min; GC oven temperature program, 80~ (2-min hold), 15~
to 300~ (5-min hold); injector temperature, 300~ split/splitless injector, splitless mode for 2 min, and 1-pL injection volume. The MS was operated in the electron impact (EI) mode. El ionization was employed at 70eV with an electron multiplier set at 1200V in either full scan operation The correlation between the results of the conventionally used HPLC method and those of our GC-MS method was examined in 23 specimens obtained from 15 patients with GLUF poisoning. HPLC was performed by a previously described method (8, 14) . Briefly, a Shimadzu SCL10AVP HPLC (Japan) system with an RF10AXL fluorescence detector and an Inertsil ODS-2 separation column (4.6 mm • 150 ram, 5-1Jm particle size, GL Sciences, Inc., Tokyo, Japan) were used. The fluorescence detector had an excitation wavelength set at 265 nm and an emission wavelength of 315 nm. Serum GLUF was directly derivatized with 9-fluorenylmethyl chloroformate for 10 min at 40~ and injected into the HPLC system.
Results
GC-MS conditions DB-5 capillary column was able to clearly separate the t-BDMS derivatives of GLUE MPPA and GLYP (Figure 3). The fragment ions at [M-57] + (loss of C(CH3)3)
, that is, rn/z 466, 323, and 454, were the base peaks for the GLUE MPPA, and GLYP derivatives, respectively (12) . Quantitative determination was performed in the selective ion mode using these base ions. The calibration curves for GLUF and MPPA analyses were linear over the ranges 100 pg-]00 ng (y = 481975x -136699, r = 0.999) and 10 pg-10 ng (y = 929506x -84571, r = 0.999), respectively. The respective detection limits of GLUF and MPPA for signal-to-noise ratio of 5 were 10 pg and 1 pg. Full mass spectra of 100 pg GLUF and of 10 pg MPPA were easily obtainable. 
Derivatization reactions
The rates of the t-BDMS derivatization reactions for GLUE GLYP, and MPPA are similar (12) . Using 1 1Jg of GLYP as the internal standard, 1 tJg of each of GLUF and MPPA was derivatized five times, and the coefficient of variation (CV) resulting from GC-MS analysis was 2.8%.
Extraction conditions and recovery
Mean recoveries from an Isolute HAX cartridge of GLUF and MPPA spiked to human serum are shown in Table I . The effects of pH on absorption and desorption on an Isolute HAX cartridge were investigated pH 5.0, 5.8, 6.4, 6.8, 7.2, 7.4, 8.0, 8.5, and 9.0, with all compounds at I pg per 100 tJL serum. At pH 6.4-8.0, the mean recovery rate was at least 90% (CV = 5% or less). At pH 5.8 or below, the mean recovery rate decreased to 80% or less. At pH 8.5 or higher, the rate showed scattered values (CV = 15% or more). Thus, serum samples were diluted with distilled water alone and steps were taken to verify that the pH was between 6.4 and 8.0. Under these conditions, more than 90% of GLUF, MPPA, and GLYP, out of the total of 1 lag of each in 100 laL serum, was recovered in the initial 200 laL effluent of 1 mol/L hydrochloric acid/methanol (4:1).
Correlation with HPLC
As shown in Figure 4 , GC-MS and HPLC (8, 14) results obtained for the determination of GLUF in 23 serum samples collected from 15 patients who had ingested BASTA correlate (r = 0.996). Figure 5 presents the chromatograms of the t-BDMS derivatization of extracts from serum samples collected 6 h after ingestion of approximately 50 mL of BASTA~ The fragment ions at [M-57] § (loss of C(CH3)3), specifically rn/z 466, 323, and 454, were the base peaks for the GLUF, MPPA and GLYP derivatives, respectively. By monitoring the GLUF and MPPA peaks, it was easy to identify GLUF and MPPA from the mass spectra. The serum concentrations of GLUF and MPPA were 6.9 lJg/mL and 0.5 I~g/mL, respectively.
Discussion
With frequent cases of GLUF poisoning in Japan due to ingestion of the herbicide BASTA, the determination of the concentration of GLUF in the blood is useful for prediction of the characteristic delayed respiratory symptoms and for the administration of appropriate treatment (7) . For those cases with minimal case history, an identification and quantitation method is needed. Diazomethane and isopropylchloroformate (15) , heptafluorobutyric anhydride and 2-chloroethanol (16) , N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide (10-12), trifluoroacetic anhydride and trifluoroethanol (17) , or trifluoroacetic anhydride and 2, 2,3,3,4,4,4-heptafluoro-l-butanol (18, 19) , glacial acetic acid and trimethylorthoacetate (13) have been reported in previously developed derivatization methods for GLUF and/or GLYP.
The t-BDMS derivatization offers the advantages of (1) rapid reaction rate; (2) ease of monitoring on chromograms because of the characteristic contribution of fragment ions by [M-57] § (loss of C(CH3)a); and (3) large peaks on the chromatograms because of the increased molecular weight (12) . Employing a mixed-mode cartridge with both anion exchange action and weak nonpolar interaction, we extracted GLUF and its metabolite MPPA from the serum and carried out GC-MS analysis for t-BDMS derivatization using MTBSTFA.
The t-BDMS derivatization using MTBSTFA takes only 30 rain to complete, and for analyses that affect treatment, speed is of the essence. In addition, because GLYP, which exhibits the same reaction rate as GLUF and MPPA in t-BDMS derivatization, is used as the internal standard, the reproducibility of the derivatization was a satisfactory result from the standpoints of both the CV of 2.8% and the quantitation.
Next, the extraction method requiring only 100 laL of serum and 200 I~L elution solvent has the merits of using only small blood samples, saving solvent, and shortening the time required for evaporation to dryness. The recovery rate of 90% or higher when the serum concentrations of GLUF and MPPA were 10-0.1 lag/mL was good. Kageura et al. (11) used column chromatography with anion-exchange resin to extract GLYP from serum. In a technique recently reported by Royer et al. (13) , anion-exchange resin column chromatography was used for the analysis of GLUF and its metabolites in river water. In a preparatory experiment, we tried conditioning a cartridge that had only an anion exchange action (BondElut | SAX, Varian, Harbor City, CA) with 0.1 mol/L NaOH, followed by extraction with I mol/L hydrochloric acid. The resulting mean recovery (n = 5) of GLUF at 1 IJg/mL was 87% with a CV of + 17%. This was probably because of the ionic strength of the serum. If this was indeed so, the stable recovery rate of this method is thought to be due to combined properties of nonpolar interaction with ion exchange action in the cartridge. With regard to the 23 serum samples from patients who were in fact poisoned, the measured amounts of GLUF indicated a good correlation with the results of the conventional method, HPLC (Figure 4) .
In relation to the capacity of GC-MS as a method of qualitative analysis, the chromatograms of the t-BDMS derivatives obtained from the substances extracted from the serum 6 h after the patients actually ingested 50 mL of BASTA are worth examining ( Figure 5 ). The m/z 466 ion peak equivalent to 6.9 ng of GLUF that was clearly detected ( Figure 5B ) and was easily identified in the full mass spectra ( Figure 5C ).
Finally, Koyama et al. (7) showed that, on a straight line with the logarithmic value for 70 IJg/mL as the blood concentration 2 h after GLUF poisoning as the starting point, and the logarithmic value for 5 lJg/mL as the blood concentration eight hours after GLUF poisoning as the end point, the area above the line indicated a greater degree of severity. Becasuse the GC-MS method hereby developed provides specific and quantitative information with low analyte concentration, it is likely to become a useful analytical technique in clinical settings.
